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Coherent perfect absorber (CPA) was proposed as the time-reversed counterpart to laser: a resonator containing
lossy medium instead of gain medium can absorb the coherent optical fields completely. Here, we exploit a
monolayer graphene to realize the CPA in a non-resonant manner. It is found that quasi-CPA point exists in
the terahertz regime for suspending monolayer graphene, and the CPA can be implemented with the assistant
of proper phase modulation among two incident beams at the quasi-CPA frequencies. The graphene based CPA
is found of broadband angular selectivity: CPA point splits into two frequency bands for the orthogonal s and p
polarizations at oblique incidence, and the two bands cover a wide frequency range starting from zero frequency.
Furthermore, the coherent absorption can be tuned substantially by varying the gate-controlled Fermi energy.
The findings of CPA with non-resonant graphene sheet can be generalized for potential applications in
terahertz/infrared detections and signal processing with two-dimensional optoelectronic materials. c© 2018
Optical Society of America
OCIS codes: 290.2200, 260.5740, 240.6680, 160.3918, 250.5403.
Laser differs from other light sources for that it emits
light coherently. The coherence feature of laser light
made it unique and essential in modern optoelectronics
and photonics. A coherent perfect absorber (CPA), or
anti-laser grounded on the time-reversed process of las-
ing was recently proposed theoretically [1] and demon-
strated experimentally [2] in a simple Silicon-resonator.
The coherent absorption arises from the coherent mod-
ulation on the scattered light beams. Since the first pro-
posal, relevant coherent modulation assisted processes
have attracted considerable research interests with var-
ious photonic structures [3–8], e.g., laser absorber and
symmetry breaking in PT -symmetric optical potentials
and strongly scattering systems [3], unidirectional invis-
ibility in PT -symmetric periodic structures [4] and per-
fect mode (polarization or morphology) conversions [5].
However, the proposed coherent manipulations are all re-
lying on structured resonances [1–8]: either Bragg-type
(collective) or Mie-type (local) [9].
Graphene—carbon atoms in a hexagonal lattice has
recently attracted considerable attention for both its
fundamental physics and enormous applications. Such a
two-dimensional (2D) material is emerging in photonics
and optoelectronics [10,11]. As a new optoelectronic ma-
terial, graphene exhibits much stronger binding of sur-
face plasmon polaritons and supports its relatively longer
propagation [12]. Linear dispersion of the 2D Dirac
fermions provides ultrawideband tunability through elec-
trostatic field, magnetic field or chemical doping [13–15].
Graphene is almost transparent to optical waves [16],
which is one remarkable feature of two-dimensional ma-
terials. However, optical insulator [17] similar to gapped
graphene [18] for nanoelectronics is frequently required
in myriad applications for all-optical systems and com-
ponents of much miniaturized optical circuits [19], artifi-
cially constructed micro-structure, i.e. metamaterial [20],
as a platform for enhancing light-matter interactions has
been employed for this purpose. A recent study reported
that optical absorption enhancement can be achieved in
periodically doped graphene nanodisks, in which peri-
odic graphene nanodisks are overlying on a substrate
or on a dielectric film coating on metal, the excitation
of electric mode of the nanodisks together with multi-
reflection from the assistants of total internal reflec-
tion and metal reflection can result in a complete op-
tical absorption [21]. Graphene micro-ribbons, mantles,
nano-crosses, ring resonators and super-lattices have also
been attempted for manipulating the terahertz/infrared
waves [22–28].
In this paper, we suggest to boost the absorption of
terahertz radiations by exploiting the concept of co-
herent absorption within a non-resonant suspending
monolayer graphene. It is found that quasi-CPA fre-
quency, which is the necessary formation condition of
coherent absorption, does exist in the terahertz regime
for monolayer graphene. By introducing a proper two-
channel coherent modulation on the input beams, we
can perfectly suppress the scattering of coherent beams
and thus make a terahertz CPA. The angular selec-
tivity in a wide frequency band and the flexibility
of the doping influenced CPA working-frequency of
the monolayer graphene sheet are of interests for tun-
able terahertz/infrared detections and signal modula-
tions. The designed monolayer graphene CPA is shown
schematically in Fig. 1, a monolayer graphene is free-
standing in vacuum, and it is illuminated by two counter-
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Fig. 1. (a) Schematic of a monolayer graphene illustrated
by two counter-propagating and coherently modulated
input beams (I+ and I−), O+ and O− are the output
intensities. (b) Transmission, reflection and absorption
spectra of a doped monolayer graphene (EF = 0.5 eV)
with a Quasi-CPA point at the crossing of transmission
and reflection curves.
propagating and coherently modulated input beams (I+
and I−), O+ and O− are the respective output mag-
nitudes. The monolayer graphene sheet is lying on the
xy-plane, and throughout our study the graphene sheet
is illuminated with s-polarized (electric vector E is par-
allel to the y-axis) or p-polarized (magnetic vector H is
parallel to the y-axis) optical waves, θ as illustrated in
Fig. 1 is the incident angle.
In the monolayer graphene system, the complex scat-
tering coefficients (O±) can be related to the two input
beams (I±) through a scattering matrix, Sg, which is
defined as:(
O+
O−
)
= Sg
(
I+
I−
)
=
(
t+ r−
r+ t−
)(
Ieiφ+
Ieiφ−
)
, (1)
where (t/r)+ and (t/r)− are scattering elements of for-
ward (irradiate towards right, I+) and backward (irradi-
ate towards left, I−) beams, since the linear monolayer
graphene under investigation is of reciprocity and spatial
symmetry, the scattering matrix can be simplified with
t± = t and r± = r. And in this paper, we only consider
phase modulation of the coherent input beams, i.e., the
two coherent input beams are set to be of equal ampli-
tude I, then the amplitude of the scattering coefficients
would be
|O+| = |O−| =
∣∣tIeiφ+ + rIeiφ− ∣∣ , (2)
In a terahertz coherent perfect absorber, coherent
modulation of the input beams performance is required
to inhibit the scatterings and thus stimulate the com-
plete absorption of coherent terahertz beams, which re-
quires tIeiφ+ = rIeiφ− , we see that |t| = |r| is the nec-
essary condition for acquiring CPA performance.
A monolayer graphene can be approximatively treated
as an optical interface with complex surface conductiv-
ity (σg), since a one-atom-thick graphene sheet is suf-
ficiently thin compared with the concerned wavelength.
When the graphene is illuminated, the surface current
will be excited by the incident waves, and it is solely de-
termined by the dynamic surface conductivity. Complex
coefficients of forward and backward propagating elec-
tromagnetic fields through a conductive graphene sheet
can be related with the assistance of Ohm’s law. The
scattering elements t and r at normal incidence are given
by
t⊥ =
2
2 + σgη0
, (3)
r⊥ =
σgη0
2 + σgη0
, (4)
where η0 is the wave impedance of free space, and σg,
the complex conductivity of the graphene is adopted
from a random-phase-approximation (RPA) [29], which
can be well described by a Drude model [30, 31] as
σg = ie
2EF /pih¯
2
(
ω + iτ−1
)
, especially at heavily doped
region and low frequencies (far below Fermi energy),
where EF is the Fermi energy away from Dirac point,
τ = µEF /eυ
2
F is the relaxation rate, in which µ = 10
4
cm2V−1s−1 and υF ≈ 10
6m/s are the mobility and Fermi
velocity. The transmission, reflection and absorption of a
monolayer graphene, obtained from Eqs. (3) and (4) with
the aforementioned dynamic conductivity (in our theo-
retical considerations, we first took EF = 0.5 eV, as that
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Fig. 2. (a) A two-dimensional false-color plot of the nor-
malized total output intensities as a function of fre-
quency and phase modulation, exact CPA point is de-
noted with a black arrow. (b) Normalized total output
intensities as a function of frequency at the CPA fre-
quency.
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Fig. 3. CPA frequency dispersion at oblique incidence for
s polarization (red solid line) and p polarization (blue
solid line).
in Ref. 28, which is quite close to experimental data),
are plotted in Fig. 1(b). There exists a frequency (1.735
THz), which we call quasi-CPA point, where |t|2 = |r|2
implies the formation condition for suppressing the scat-
tering fields to completely absorb coherent input beams
of equal-intensity.
To further investigate the coherent absorption pro-
cess with a monolayer graphene, we plot false-color map
of the normalized total output intensity spectra in Fig.
2(a), which shows the detailed dependence on the phase
modulation ∆φ = φ+ − φ− of the beams I±. It is seen
that proper phase modulation (∆φ = 0.435pi) of the in-
put coherent beams leads to significant suppression of
the scattering outputs at the quasi-CPA frequency (1.735
THz). The corresponding normalized total output inten-
sities for the CPA frequency is plotted as a function of
phase modulation ∆φ in Fig. 2(b). At the quasi-CPA
frequency, we can see a substantial modulation of the
scattered intensity of the coherent inputs according to
the phase difference. The significant reduction of the
scattered intensity of about zero for ∆φ = 0.435pi im-
plies destructive interference which prevents the coherent
beams from escaping the absorbing channel of the mono-
layer graphene, demonstrating completely absorption of
the coherent input beams. A defined convenient figure of
merit to measure the modulation in a CPA is the “modu-
lation depth”M(ω) = max(O±)/min(O±) [2]. As the re-
sults showed in Fig. 2(b), we have M(1.735 THz) ≈ 106,
which is an impressive modulation owing much to the
thin-sheet feature that permits destructive suppression
of the fields in the monolayer graphene.
Angular selectivity, or spatial dispersion, is a fun-
damental and important property for the realization
of light selection [32]. We found that the monolayer
graphene based CPA is of angularly sensitivity, which
can be beneficial for broadband angular tunability. For
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Fig. 4. Tunability of the monolayer graphene CPA: Spec-
tra of modulation depth for different doping levels (EF =
0.4 eV,0.7 eV,1.0 eV,1.3 eV and 1.6 eV). The inset shows
doping dependent of the CPA frequency.
oblique incidence, both orthogonal s− and p− polar-
ized modes should be considered for the scattering prob-
lem. We get the quasi-CPA frequencies by employing the
transfer matrix formalism, figure 3 clearly shows that
the CPA frequencies split into two frequency branches
for orthogonal s and p polarizations: for s-polarization,
the CPA has a blue shift with respect to the normal in-
cident CPA point, forming the upper band; while for the
p-polarization, the CPA has a red shifts with respect to
the normal incident CPA point, forming the lower band.
The two bands touch each other and cover a wide band
starting from zero frequency.
The dependence of Fermi energy on the charge-carrier
density n is predicted (with a quantum theoretical
treatment of electron dynamic response in graphene)
as: EF = h¯υF
√
pi |n|, which has been tested exper-
imentally by direct terahertz to mid-IR spectroscopic
measurements. The charge-carrier density can be eas-
ily changed through electrostatic doping, which makes
graphene promising for wide-tunable and broadband op-
toelectronic and photonic applications. Figure 4 displays
the calculated “modulation depth” spectra of the mono-
layer graphene for different doping levels or Feimi ener-
gies. A sharp peak at 1.356 THz is seen from the modula-
tion depth spectrum for EF = 0.4 eV, corresponding to
the quasi-CPA frequency where scattering can be signif-
icantly suppressed, demonstrating the maximum “mod-
ulation depth” on the curve. With the increasing of the
electrostatic doping we get higher charge-carrier concen-
tration and thus higher Fermi energies, and we see from
Fig. 4 a blue shift of the peak frequency, or the quasi-
CPA frequency, in the “modulation depth” spectra. The
shift processing can be understood as follows: graphene
will have a higher Drude weight by increasing the charge-
carrier concentration of graphene Dirac fermion, and the
3
graphene with reenforced metallicity will be even more
scattering, increasing the reflection and decreasing the
transmission, in that way quai-CPA point where |t| = |r|
will shift to higher frequencies. As showed in the inset of
Fig. 4, the quasi-CPA frequency can be tuned from 0.916
THz to 5.998 THz when the doping level varies from 0.3
eV to 1.7 eV.
In summary, we show that non-resonant two-
dimensional carbon material—graphene can be em-
ployed for perfectly suppressing scattering of terahertz
radiations for coherent perfect absorber (CPA). Mean-
while the CPA with a monolayer graphene is of broad-
band angular selectivity, and two frequency branches
for orthogonal s and p polarizations degenerate at the
quasi-CPA frequency for normal incidence and combine
a broad band starting from zero frequency. Furthermore,
the CPA can be tuned in a wide range via changing the
charge-carrier density through electrostatic doping (gate
voltage). The idea of graphene based CPA is general for
two-dimensional conductive material systems, the non-
resonant CPA can be extended to mid-infrared or even
near-infrared regime if we can achieve two-dimensional
materials with higher charge-carrier density, and we ex-
pect potential applications of coherent modulations in
terahertz/infrared detections and signal processing with
two-dimensional materials.
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